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ABSTRACT 

A hexachiral honeycomb structure with good 
mechanical properties, is investigated through full wave 
electromagnetic simulation. This new material shows 
some interesting EMC properties and promises better 
performance using different insertion techniques. The 
effect of the electromagnetic chirality is investigated. 
Design maps and thermal computations are derived. 
 
I. INTRODUCTION 

In the past years, an increasing amount of effort has 
been invested in the development of new materials, with 
good mechanical properties, low weight and low cost. 
In particular auxetic materials benefit from their 
negative Poisson's ratio (Grima 2007) and are 
investigated closely in the last decade (Li et al. 2000, 
Ammari et al. 1998, Oussaid R. and Haraoubia B. 
2004). In the same time, we witness an increased 
utilization  of the RF spectrum, especially in the free 
bands (2.4GHz). Coding techniques have been 
developed to ensure the “peaceful” coexistence of 
multiple emitter/receiver pairs in the same frequency 
band. In some cases, these techniques are not sufficient, 
especially when good shielding for an enclosure is 
imperative (aeronautics - Bornengo D. et al. 2005, 
medicine etc.). A natural step forward is to investigate 
the electromagnetic properties of these materials, in 
order to provide good electromagnetic shielding. 
 
Electromagnetic metamaterials are defined as artificial 
effectively homogeneous electromagnetic structures 
with unusual properties not readily available in nature. 
An effectively homogeneous structure is a structure 
whose structural average cell size L is much smaller 
than the guided wavelength λg. i.e. the average cell size 
should be at least smaller than a quarter of wavelength 
(Caloz and Itoh 2006), 
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The condition (1) is known as the effective-
homogeneity limit or effective-homogeneity condition, 
and ensures that refractive phenomena will dominate 
over scattering/diffraction phenomena when a wave 
propagates inside the medium. In the present 
application, the frequency range of interest (1 to 
15GHz) implies a guided waveguide between 10 mm 
and 150 mm, and we expect the chirality defined by 
geometry to play an electromagnetic role, depending on 
the cell size, especially at higher frequencies (7 to 15 
GHz). 
 
Depending on the method used for defining the 
magnetoelectric dyadics, there are multiple constitutive 
relations in extensive use for chiral mediums: Drude-
Born-Fedorov (Athanasiadis and Costakis 2000, 
Oksanen et al. 1992) Post (Jaggard et al. 1988), 
Tellegen (Qiu et al. 2007). Equivalence between these 
relations can be obtained (Liu and Li 1999) by 
substitution in Maxwell’s equations.  
 
Widely used are Post constitutive relations in the 
frequency domain, valid for time harmonic 
electromagnetic fields: Eqs. (2), (3). 

 BED cc jξε +=  (2) 
 ccj μξ BEH +=  (3) 

where cε  and cμ  represent an equivalent of the 
permittivity and permeability, cξ  the chirality 
admittance, which is a measure of the handedness of the 
medium and j is the imaginary unit. 
 
II. SIMULATION SETUP 

The structure used in tests was a fiber reinforced 
polymer prototype, developed in the framework of the 
CHISMACOMB (CHIral SMArt honeyCOMB) FP6-
EU-013641 project (Chismacomb 2008), by 
Italcompany (figure 1). The structure is a hexachiral 
honeycomb, each of the equally spaced cylinders being 
connected to his 6 neighbors by ligaments and is based 
on the idea found in (Prall and Lakes 1997) which is a 
simplification of a two-dimensional molecular model 
studied earlier (Wojciechowski 1989). 
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Figure 1: Rectangular Unit Cell. 

 
The interaction between a plane wave and an infinitely 
large sheet of auxetic material at normal incidence was 
investigated. The boundary conditions were set to 
electric wall (both walls on x directions) and magnetic 
wall (y direction walls). An input wave port was placed 
at a distance equal to the minimum between the 8th part 
of the wavelength and 5 mesh lines from the structure, 
the second (exit) wave port is added only when losses 
inside the structure were taken into account. 
 
In order to limit the model's dimensions, the periodicity 
of the structure was investigated. While the intrinsic 
unit cell for this structure will contain only one cylinder 
and half of every surrounding ligament, numerical 
electromagnetic computation demands a rectangular 
unit cell which can be placed on a regular (not 
staggered) rectangular grid in order to preserve 
electromagnetic fields symmetries. The rectangular unit 
cell is showed in figure 2, the length and width being 
equal to LW ⋅= 2  (x direction) and 3⋅= LH  (y 
direction) respectively (where L is the cylinder 
separation). Table 1 shows the typical dimensions used 
in tests when we parameterize the others. 
 

Table 1: Typical Dimensions. 
 
Parameter Description Value 
D Internal cylinder diameter 18.58 mm 
L Cylinder separation 24.72 mm 
h Height of the panel 19.75 mm 
g Ligament width 3.3 mm 
εr Electrical permittivity 2.5 (4) 
tan δ Loss angle tangent 0 (0.1-0.5) 

 
The results of the simulations show the S parameters for 
the structure. The typical shielding parameters 
reflectance, transmittance and absorption are related to 

the S parameters by the following equations (Hong et al. 
2003), as long as the surrounding medium is lossless: 
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11SR =  (4) 

 2
21ST =  (5) 
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III. ACCURACY OF THE RESULTS 

The CST Microwave Studio frequency domain solver 
solves the problem for a single frequency at a time, and 
for a number of adaptively chosen frequency samples in 
the course of a frequency sweep. For each frequency 
sample, the linear equation system will be solved by an 
iterative (e.g. conjugate gradient) or sparse direct 
solver. 
 
The CST Microwave Studio time domain solver 
calculates the development of fields through time at 
discrete locations and at discrete time samples. It 
calculates the transmission of energy between various 
ports and/or open space of the investigated structure. 
 
For the hexachiral structure under test, the auxetic layer 
is illuminated with a plane wave, coming from the z 
direction, with normal incidence to the material. The 
polarization of the plane wave in the material is 
imposed by the electric/magnetic wall boundary 
conditions, and for correct calculations we expect the 
electromagnetic fields inside the structure to follow the 
characteristics of the incident wave. As in figure 2, we 
find that inside the hexachiral honeycomb, the electric 
field will have only Ex component, whereas the 
magnetic field shows only Hy component. 
 
The final test was the comparison between the FDTD 
and FDFD analysis results for the same structure. The 
two computation methods are not related, even the mesh 
is different in this case (hexahedral with Perfect 
Boundary Approximation® - PBA for FDTD and 
tetrahedral for the frequency domain solver). The results 
are found to be essentially the same (see figure 3). 
 
The difference between the two curves is maximum 
±1dB in the 1÷10GHz range, except the frequencies 
around the reflection annulment, where a slight 
variation of the zero's frequency is detected (0.1GHz, 
meaning a 1.8% difference between the two minima) 
around 5.8GHz. The two solvers are independent even 
if they belong to the same software suite, so we can 
estimate a ±2dB general error coupled with a ±2% peak 
detection error for the rest of the simulations. 
 



 
 

Figure 2: Ex (left) and Hy (right) Inside the Structure 

 
Figure 3: S11 for the Loseless Structure by FDFD (left) and FDTD (right) Computation 

 
IV. RESULTS AND INFLUENCE OF CHIRALITY 

Parametric studies investigated the effect of the 
dimensions (L, D, h, g) and material properties (ε, σ, tan 
δ). Figure 4 shows the influence of L, h (in this order) 
for the lossless dielectric over the reflection coefficient 
(S11), and figure 5 shows the influence of ε and tan δ 
over reflection coefficient (S11) or over the transmission 
coefficient (S21) when losses are taken into account 

 
Analysis shows that the chiral structure has almost 
identical properties (figures 4, 5) with an equivalent 
homogenous dielectric layer, so the mechanical and 
thermal advantages provided by the structure do not 
affect the electromagnetic properties in the bandwidth 
considered (0.1-10 GHz).  
 

 
Figure 4: Cylinder Separation (L - left) and Layers’ Height (h - right) Influence over S11 

 
Figure 5: Electrical permittivity (ε - left) and Loss tangent (tan δ - right) influence over S11/S22 



Figures 4-5 show that for the lossless chiral layer we 
have a typical half-wave reflectionless slab (Orfanidis 
2008). We obtain zeroes for the reflection coefficient at 
the frequencies that verify the condition: 
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where k must be an integer and  λg is the guided 
wavelength, inside the equivalent homogenous 
dielectric slab. This behavior offers interesting 
electromagnetic applications, as radar invisibility or 
building wall transparency. 
 
Equation (7) offers the possibility to use the results in 
figure 4 to investigate the variation of the effective 
electrical permittivity on the frequency. Every value for 
layer’s height (h) generate at least two minima of the 
reflectivity in the bandwidth considered, corresponding 
to k=1, k=2 in equation (7). We can compute the 
effective electrical permittivity with equation (8). 
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Figure 6. Effective electrical permittivity 
 
The effective electrical permittivity increases linearly 
with the frequency, as the electromagnetic field is 
confined inside the dielectric at higher frequency. The 
results in figure 4 on which figure 6 is based are 
obtained for ε = 2.5 for the base material. In this case, 
we find the effective permittivity ranging from 1.61 to 
2.1, depending on the frequency.  In addition, as the 
frequency increases we notice slight variations from the 
predicted linear increase, as the chirality of the structure 
becomes more and more evident. 
 
The effects of the chirality appear as we increase the 
frequency, the electrical permittivity and the cylinder 
separation. In the typical situation (table 1), equation (1) 
gives a frequency limit of about 2.37 GHz. Close 
inspection of the results (figure 4) shows that obvious 
effects of the microscopic chiral structure are visible at 
8 GHz.  

Condition (1) can be expressed in terms of visible 
influence as: 

 
4
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The other results verify this relationship. Increase of ε 
from 2.5 to 10 (figure 5) lower the frequency of 
appearance of chiral effects from 8GHz to 4 GHz (the 
square root of the permittivity factor of 4). Increase of L 
to 40 mm (figure 4) show the same effect starting from 
5GHz. 
 
We can conclude that regarding the hexachiral 
honeycomb, chirality influence becomes obvious when 
relation (9) applies, but while visible, this influence 
does not affect the macroscopic behavior of the panel 
under test. The hexachiral panel behaves as a 
homogenous dielectric, with a different effective 
electrical permittivity (figure 6). 
 
V. PARAMETRIC ANALYSIS AND DESIGN 
MAPS 

The results in figures 4, 5 offer important information 
regarding the behavior of the intrinsic chiral panel but 
are less suggestive from a macroscopic or “application” 
point of view. The macroscopic values of interest for a 
microwave shield designer are generally related to 
transmittance (figure 5b) at some critical frequencies 
(typically 0.9÷1GHz - the GSM band, 2.4 GHz - free 
use frequency bandwidth, and 5.8 GHz – a second free 
bandwidth) or reflectivity parameters (figures. 4-5a) as 
the frequency of the first minimum, the out of band 
maximum reflectivity (first and second maximum), 
depending on the application.  
 
The question a designer is asked is rather an “inverse” 
of the answer from figures 4, 5. Usually the designer is 
not interested by the performance of “that” material, but 
instead the question is: “what material must I choose to 
obtain a certain transmittance or a certain reflectivity”. 
In the next set of analyses, the aim is to investigate the 
influence of the material properties (tan δ and ε) over 
the transmission and reflectivity properties.  
 

Table 2: Geometric Parameters Sweep. 
 
Parameter  Range Step 
D 20÷50 mm 5 mm 
H 20÷50 mm 5 mm 
L/D 1.5÷3 0.25 
D/g 5÷20 2.5 
 
In the first set of computations we maintain the same 
geometrical properties (D, L, h, g - Table 1) but we 
insert variations in material properties: tan δ = [0 , 0.5] 
and ε = [1.5 , 10]. S11 and S21 are computed. The 
parametric curves are plotted in figure 7 in order to 
facilitate shielding design with the hexachiral 
honeycomb. We represent the transmittance at the three 



selected frequencies and the minima/maxima of the 
reflectance. 
 
For the second set of computations we choose L/D and 
D/g ratios as important for the aspect ratio of the panel 

and with fixed dielectric parameters (ε = 4 and tan δ = 
0.01) we make the transmission and reflection 
computation for geometric parameters as in Table 2. 
The results are plotted in figure 8. 
 

 

 

 
 

Figure 7 Dielectric Properties Design Maps. 
 

 

 
Figure 8 Geometric Properties Design Maps. 



 
Figure 9: Power Loss Density at 3.06GHz 

 

 
Figure 10: Power Loss Density at 10.69GHz 

 
VI. THERMAL DISTRIBUTION  

Simulations have been performed in order to identify 
the energy absorption characteristics inside the material. 
The first results emphasize an energy concentration 
depending solely on the hexachiral geometry. The 
power loss density inside the ligaments of the 
hexachiral honeycomb is an indication of energy 
dissipation inside the structure. The two frequencies 
chosen, 3.06GHz and 10.69GHz are those 
corresponding to a minimum of the reflectance (figure 
9) and transmittance (figure 10) respectively, as the 
frequencies at which maximum thermal effect is 
expected. 
 
A concentration of the energy dissipation will generate 
a temperature increase in certain points. However, this 
energy is not accumulated, the most significant heat 
transfer mechanism being thermal conduction (eq. 7). 
The speed of the heat transfer through a portion of 
material of transversal area A and length x depends on 
the steady state temperature difference. 
 
Heat is generated differently in two points according to 
the electromagnetic energy concentration pattern (eq. 
5). We can estimate the steady state for the thermal 
phenomenon when the difference between the generated 
heat in every point equals the heat transferred by 
conduction between the same points (eqs. 10-11).  
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We used the same software suite (CST Microwave 
Studio) described in section IV, with the difference that 
in single frequency analysis the FDFD (Finite 
Differences in Frequency Domain) solver was used to 
compute the fields inside the structure. The computation 
is full 3D, figures 9-10 show the power loss density in 
different longitudinal sections through the panel. 
 
The power loss distribution is mainly longitudinal (in 
the direction of the incident wave). The incident 
illumination is 320W/m2 (normalization: 1W over the 
surface of the input port), a rather high value if we 
consider that the safety limit for RF workers is 50W/m2. 
While such a situation is not usually encountered, we 
can use eqs. (10), (11) to estimate the temperature 
gradient which will appear inside the hexachiral 
structure. At 3.06 GHz (figure 9), we have maximum 
ΔPV ≈ 12,000 W/m3 and ΔPV ≈ 30,000 W/m3 inside the 
cylinder and inside the ligaments respectively. The 
maximum temperature variation is ΔT ≈ 4 K and ΔT ≈ 
10 K respectively. As the power losses are related to 
transmission behavior, we expect greater effect when 
the transmittance reaches a minimum. At 10.69 GHz 
(figure 10), we have maximum ΔPV ≈ 53,000 W/m3 and 
ΔPV ≈ 95,000 W/m3 inside the cylinder and inside the 
ligaments respectively, the corresponding temperature 
variation being ΔT ≈ 18 K and ΔT ≈ 33 K respectively. 
 
In typical applications (10 to 50 W/m2 - safety limits) 
the effect is less important (up to 5K temperature 
differences) but the differences in temperature can reach 
100K at 1kW/m2 illumination. Wireless Power 
Transmission can use up to 30 ÷ 90 kW/m2 at the space 
reflectors. 
 



The simple hexachiral panel, subject to localized 
electromagnetic power dissipation develops thermal 
gradients which affect the mechanical performance thus 
thermal analysis in high power applications must rely 
on temperature gradient instead of uniformity. 
 
CONCLUSIONS 

In this paper a complete investigation of the hexachiral 
honeycomb by full wave electromagnetic simulation is 
performed. The software suite CST Microwave Studio 
is used, with the added benefit of the presence of 
multiple solvers. This allowed us to perform accuracy 
estimation (secton III) and extended the range of 
simulations we were able to perform.  
 
The time domain solver (FDTD) was used in those 
situations where multiple simulations were needed and 
speed was an important issue (more than 10,000 
different individual simulations were performed). 
Multiple parametric simulations were made, which 
allowed the investigation of the chirality in section IV 
and the derivation of the design maps in section V. 
 
The frequency domain solver (FDFD) which is slower 
but more accurate in small bandwidths was used in 
order to verify the boundary conditions used (section II) 
and in order to investigate the microwave power 
distribution inside the material, which allowed the 
thermal analysis in section VI. 
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